INTRODUCTION

I
n 1989 Alan Mackay made the intriguing suggestion that racemic proteins should crystallize in centro-symmetric fashion, resulting in a simplification of the problem of phase determination. Mackay noted ''that the outcome of the Second World War turned on this issue, as the German Enigma coding machine was made centro-symmetrical for administrative convenience,'' a weakness that allowed ''an entry to the decipherment of Enigma, which perhaps ultimately led to the military defeat of the Axis.'' He added insightfully that ''Probably no crystallographers were involved on either side.'' 1 Subsequently, several reports have described the structure determination of racemic forms of proteins and peptides produced by chemical synthesis. 2 In exploring multiple conformational states of oligopeptides we have often encountered difficulties in crystallization of flexible peptides. The task of characterizing different conformational states of peptides in crystals is also facilitated by exploring conditions under which polymorphic forms are generated. Ideally, distinctly different crystal forms may provide an opportunity for capturing widely different structural states (conformational polymorphism). The definition of conformational polymorphism can be ambiguous. In the case of oligopeptides, molecules can crystallize in different crystal forms with similar backbone conformations over
Crystal Structures of Peptide Enantiomers and Racemates: Probing Conformational Diversity in Heterochiral Pro-Pro Sequences
Correspondence to: Prof. Narayanaswamy Shamala; e-mail: shamala@physics.iisc. ernet.in or Prof. Padmanabhan Balaram; e-mail: pb@mbu.iisc.ernet.in
ABSTRACT:
Multiple conformational states in heterochiral diproline sequences have been characterized in the solid state by the determination of the crystal structures of seven tripeptides in enantiomeric and racemic forms. The sequences of the 
EXPERIMENTAL SECTION
Peptide Synthesis
Peptides were synthesized by conventional solution phase methods using a fragment condensation strategy. The pivaloyl (Piv) group was used for the N-terminus, while the C-terminus was blocked as N-methylamide. Couplings were mediated by dicyclohexylcarbodiimide/1-hydroxybenzotriazole (DCC/HOBT). The synthesis of peptides was achieved by the condensation of Piv-
Phe 5, and L Phe 6). All the six tripeptide methyl esters were converted to their respective N-methylamides by saturating the methanolic solution of the tripeptide esters with methylamine gas. The final peptide products were purified by silica-gel column chromatography followed by HPLC (C 18 , 5-10 l), employing methanol-water gradients. The homogeneity of the purified peptides was ascertained by analytical HPLC. Optical rotation parameters and the melting point of the peptides reported in this article are as follows:
Piv
Pro-L Phe-NHMe 5/6 mp: 115.28C. Single crystals were obtained by slow evaporation of pure enantiomers or racemic mixtures from petroleum ether/ethyl acetate, methanol/water and CHCl 3 -DMSO.
X-Ray Diffraction
Single crystals suitable for X-ray diffraction were obtained in the cases of peptides 1, 2, 3, 4, 1/2, 3/4, and 5/6. In the case of Xxx ¼ Phe (5, 6) , the pure enantiomers failed to yield crystals. X-ray diffraction data were collected at room temperature on a Bruker AXS SMART APEX CCD diffractometer using Mo Ka radiation (k ¼ 0.71073 Å ). The x-scan type was used. All the structures were solved by direct methods using SHELXS-97 10a and refined against F 2 , with full-matrix least-squares methods using Nonhydrogen atoms were refined isotropically followed by full-matrix anisotropic least squares refinement. The crystal and diffraction parameters for the peptides solved are given in Table I In the crystal structure of peptide 1, valine and the C-terminal blocking group Nmethylamide (NHMe) are disordered over two positions with an occupancy of 0.42 in one site (Chain A: atoms C3A, C3 0 , O3, N4, C1M, C3B, C3G, and C3D) and an occupancy of 0.58 in the other site (Chain B : atoms C33A, C33 0 , O33, N41, C11M, C33B, C33G, and C33D). However, as both the chains were unacceptably close, refinement was effected using occupancy at a single site only. Notably, a water molecule with an occupancy of 0.42 is associated with only chain A of the molecule and not chain B. In the racemic mixture 1/2, a similar method was adopted for the refinement of a water molecule with an occupancy of 0.74 where symmetry related water molecules were unacceptably close. In loosely packed crystals, solvent (water occupancies) at available sites are often fractional. Orientational disorder can also result in the inability to locate definitive positions. In peptide 2, the hydrogen atom (H) bonded to Pro C1A; Pro C2A and NHMe N4 were located from difference Fourier map. In peptide 3/4, the hydrogen atom (H) bonded to Pro C1A; Pro C2A; Leu C3A; Leu N3; Leu C3B; and Leu C3G were located from difference Fourier map. The remaining hydrogens in all the other peptide structures were fixed geometrically using the riding atom model in the idealized positions and refined in the final cycle as riding over the heavier atom to which they were bonded. Crystallographic data (excluding structure factors) have been deposited at 538
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RESULTS AND DISCUSSION
Conformational Analysis of Peptides 1, 2, and 1/2 Figure 1 shows the comparison of the molecular conformations observed in the crystals of the enantiomers 1 and 2 and the racemate 1/2 (Xxx ¼ Val). 1 crystallized as the hydrate while 2 lacks any co-crystallized water molecule. Notably, considerable differences are observed in the backbone conformations of the two enantiomers presumably facilitated by intermolecular hydrogen bonding of the central peptide unit FIGURE 2 Asymmetric unit and molecular conformation of Pro-Pro peptide bond adopts a cis (x ¼ 8.48) geometry and both the proline residues adopt a semi-extended conformation, with the molecule lacking any intramolecular hydrogen bond. In contrast, in the L-D-L enantiomer, the L Pro-D Pro segment forms a type II b-turn conformation with an intramolecular 4 to 1 hydrogen bond between the pivaloyl C¼ ¼O and the valine NH groups. In principle, the enantiomers might be expected to yield mirror image crystals, formed by molecules with identical conformations. The crystals of 1 and 2 illustrate conformational variability which may be observed when comparing solvent free crystals with solvates (''pseudo polymorphism'').
11 Figure 1c shows the molecular conformation of the tripeptide in the racemic crystals of 1/2. The asymmetric unit reveals a peptide folded into a type II b-turn conformation. This is almost a mirror image to the structure observed in the L-D-L enantiomer 2.
Conformational Analysis of Peptides 3, 4, and 3/4
The structures of the enantiomers 3 and 4 and the racemate 3/4 (Xxx ¼ Leu) are shown in Figure 2 . In the case of peptide 3, the D Pro residue adopts a semi-extended conformation with the formation of a type II b-turn at the L Pro-D Leu segment. Investigation of the backbone conformations for peptide 4 reveals that it adopts a nearly identical mirror image structure to that of peptide 3. An interesting feature in both the structures is that the heterochiral Pro-Pro segment is semi-extended while type II (3) or II 0 (4) b-turn conformations are observed at the Pro-Leu segment. The central peptide unit in the b-turn is hydrated in both the peptides, a commonly observed feature in proteins and peptides. 12 In
the DL or LD types are possible. 13 While one type has been established for Xxx ¼ Val, the other is observed for Xxx ¼ Leu. The crystal structure of the racemate 3/4 reveals a molecular conformation that is almost identical to that observed in the enantiomers.
Conformational Analysis of Peptide 5/6
In the case of Xxx ¼ Phe, crystals could only be obtained for the racemate 5/6. The asymmetric unit contains a single peptide molecule which adopts an open structure lacking any intramolecular hydrogen bond. Both the prolines adopt a semi-extended backbone conformation with the Phe residue adopting an extended conformation as shown in Figure 3 . Both the water molecules are intermolecularly hydrogen bonded to C¼ ¼O belonging to Piv group and Pro(1). Notably, this structure is remarkably similar to that of peptide 1 in its backbone conformation. A list of all intra-and intermolecular hydrogen bonds in all the peptides that have been discussed in this paper are listed in Table II .
CONCLUSIONS
This study was undertaken to explore the possibility of trapping distinct conformational segments of the diproline segments in crystals by generating racemic centro-symmetric crystals in which packing effects may be appreciably different from those observed in the crystals of individual pure enantiomeric peptides. In the case of the peptide Piv-Pro-ProLeu-NHMe, both the enantiomers and the racemate yielded mirror image conformations. In contrast, in the related sequence Piv-Pro-Pro-Val-NHMe, the two enantiomeric peptides crystallized in two different polymorphic forms. In one case an anhydrous crystal was obtained while in the other case the crystal structure contains trapped water molecules. The crystal structures of the peptides 1 and 2 may be considered as an example of ''pseudo polymorphism'' resulting from solvation. This example illustrates the difficulties in controlling crystallization conditions precisely when multiple modes of crystal nucleation are possible. The case of the peptides 5 and 6 is an interesting example where the individual enantiomers were recalcitrant to crystallization, while single crystals were readily obtained in the case of the racemate 5/6. The ability of the racemates to pack more effectively than the pure enantiomers is a feature that has been recognized even in Kitaigorodski's classic analysis of molecular crystals. 14 The conformational diversity of heterochiral Pro-Pro sequences, is clearly demonstrated by the examples discussed above. A D-L-D sequence (Xxx ¼ D Ala) has been used as a linking three residue loop in a designed b-hairpin peptide. 9 In the present study, conformational variations are observed for different Xxx groups. Even more importantly, conformational differences are established for enantiomeric peptides and racemates. These results suggest that the energetic differences between these states is small. Conformational choice can therefore be readily influenced by environmental and sequence effects.
B. Chatterjee was supported by a Senior Research Fellowship of the University Grants Commission.
